j-Casein gene expression in mammary epithelial cells is under the control of the lactogenic hormones, glucocorticoids, insulin, and prolactin. The hormonal control affects gene transcription, and several regulatory elements in the 0-casein gene promoter between positions -80 and -221 have previously been identified. A region located in the promoter between positions -170 and -221 contains overlapping sequences for negative and positive regulatory elements. A sequence-specific single-stranded DNA-binding factor (STR), composed of two proteins with molecular masses of 35 and 54 kDa, recognizes the upper strand of this region and has a repressing role in transcription. High-level STR binding activity was observed in nuclear extracts from mammary glands of pregnant and postlactating mice and from noninduced HC11 mammary epithelial cells, cells with a low level of transcriptional activity of the 1-casein gene. STR activity is downregulated in mammary epithelial cells during lactation of the animals and after lactogenic hormone induction of HC11 cells in culture.
cytoplasm. The I-casein STR binding sequence increases expression of a transfected ,-galactosidase gene when it is placed into the 5' untranslated region sequence of the mRNA. STR may have a positive role in posttranscriptional regulation.
Expression of the ,B-casein gene is restricted to mammary epithelial cells and is regulated by the synergistic action of the lactogenic hormones, prolactin, insulin, and glucocorticoids (31) . Lactogenic hormones increase the rate of transcription of the ,B-casein gene in HC11 mammary epithelial cells, a clonal cell line isolated from the mammary gland of a BALB/c mouse in midpregnancy. A region comprising 221 nucleotides of the r-casein promoter sequence 5' of the transcription initiation site is necessary and sufficient to confer lactogenic hormone responsiveness to a linked reporter gene upon transfection into HC11 cells (1, 10, 26) . Three regions harboring regulatory elements with distinct functional properties contribute to the control of the 1-casein promoter. (i) A region located between positions -85 and -100 binds a tissue-specific factor, MGF. This factor has a positive regulatory function. The activity of MGF is upregulated by lactogenic hormones and remains at high levels during lactation in the mammary gland (26, 27) . (ii) A repressor region is located between positions -100 and -150. This repressor region has been detected by mutational analysis (26) . A high level of constitutive transcriptional activity results from the mutation of two adjacent factor binding sites. The factor which binds just upstream of MGF to the ,B-casein promoter has been identified as YY1. The suppressor factor competes with the activated form of MGF for binding to their respective DNA-binding sites (19) . (iii) A third regulatory sequence-specific single-stranded DNA-binding factor (STR) composed of two proteins, p35 and p54, recognizes the upper strand of this distal regulatory region and competes for DNA binding with an activating factor. STR plays a repressing role in transcription (1) . DNA binding activity of STR can be observed in nuclear extracts prepared from mammary glands of mice during late pregnancy and postlactation but not during lactation. Hormonal regulation of STR binding activity was also observed in the HC11 cell line. Nuclear extracts from HC11 cells treated with lactogenic hormones and those from lactating mammary glands contain an activity which counteracts the binding of STR to DNA (1) .
The nature of the molecule which prevents the binding of STR to DNA was investigated. The inhibitory activity is induced by the lactogenic hormones in vivo and in cultured cells. The inhibitor of STR (I-STR) is resistant to heat and proteinase treatment, but it is sensitive to RNase and is most likely composed of RNA. I-STR is found in the nuclear and cytoplasmic fractions of induced HC11 cells. The subcellular distribution of STR is regulated by I-STR in a lactogenichormone-dependent manner. In noninduced cells, STR is predominantly found in the nucleus. Upon hormone treatment it is sequestered into the cytoplasm by I-STR and remains present in an RNA-bound form. A binding site for STR has also been detected in the 5' untranslated region (UTR) of the ,B-casein mRNA, indicating that 1-casein mRNA can function as I-STR. We propose that the sequestration of STR by 3-casein RNA could cause a further increase in the rate of REGULATORY DNA-AND RNA-BINDING PROTEINS 6005 f-casein gene transcription upon the occurrence of an initial induction event. Insertion of the 5' UTR of the P-casein mRNA into the mRNA sequence of a ,-galactosidase gene enhanced the expression of the enzyme. Our data suggest that STR may have two roles. First, its interaction with the promoter sequences might cause a negative regulation of transcription. Second, binding to the 3-casein mRNA relieves this inhibition of transcription and at the same time causes a more efficient utilization of the mRNA.
MATERUILS AND METHODS
Cell culture. HC11 mammary epithelial cells were grown in RPMI 1640 medium containing 10% heat-inactivated fetal calf serum, 5 jig of bovine insulin per ml, 10 ng of murine epidermal growth factor per ml, 50 jig of gentamicin per ml, and 2 mM glutamine. Four days after reaching confluence, HC11 cells were treated for two days with either 5 ,ug of insulin alone per ml (uninduced) or with insulin, S ,ug of ovine prolactin per ml, and 0.1 ,uM dexamethasone (induced).
Subcellular fractionation and protein purification. Nuclear and cytoplasmic extracts from cultured HC11 cells were prepared according to the method of Schreiber et al. (28) . Cells were washed twice with ice-cold phosphate-buffered saline and collected by centrifugation for 10 min at 150 x g. Cell pellets were resuspended in lysis buffer (10 mM Tris-HCl [pH 8.0], 10 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT], 1 ,ug of leupeptin per ml, 1 mM sodium metabisulfite, 0.5 mM phenylmethylsulfonyl fluoride, 0.6% Nonidet P-40). Nuclei were collected by centrifugation. The nucleus-free supernatant was centrifuged for 10 min in a microcentrifuge, adjusted with dialysis buffer, and used as the cytoplasmic fraction. The nuclear pellet was resuspended in 5 volumes of lysis buffer and washed once. Proteins were extracted with a buffer containing 25% glycerol, 25 mM Tris-HCl (pH 8.0), 400 mM NaCl, 0.5 mM EDTA, 1 mM DlT, 1 mM phenylmethylsulfonyl fluoride, 1 ,ug of leupeptin per ml, and 5 mM spermidine. After being shaken at 4°C for 45 min, the extracts were centrifuged at 12,000 x g for 10 min, and the supernatant was dialyzed against a buffer containing 10% glycerol, 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.2 mM EDTA, 1 mM DlT, and 0.1% Nonidet P-40. STR proteins were purified from the nuclear extracts of uninduced HC11 cells by DEAE-Sepharose chromatography and single-stranded DNA affinity column chromatography as described previously (1) . The individual protein bands were cut from a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel. The proteins were recovered from the gel slices by homogenization and elution with 200 ,ul of a buffer containing 150 mM NaCl, 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-NaOH (pH 7.5), 5 mM DTT, 0.1 mM EDTA, 0.1% SDS, and 0.1 mg of bovine serum albumin (BSA) per ml. The proteins were renatured according to the procedure of Hager and Burgess (13) . They were precipitated with 5 volumes of cold acetone for 2 h on dry ice, collected by centrifugation, washed with 80% acetone and 20% dilution buffer (150 mM NaCl, 20 mM HEPES-NaOH [pH 7.5], 5 mM DYT, 0.1 mM EDTA, 0.1 mg of BSA per ml), dried, and resuspended in 10 p.1 of dilution buffer containing 6 M guanidine-HCl for 30 min at room temperature. A 2.5-,ul portion of the suspension was diluted 50-fold with dilution buffer, and 5 p.l of each protein fraction was used in bandshift assays.
Probe preparation and bandshift experiments. Singlestranded oligonucleotide probes corresponding to the upper strand of the rat ,-casein promoter (positions -194 to -163) were end labeled and used in the binding reactions (1). RNase treatment was carried out with 2 p.g of RNase A (Sigma) per 5 p.g of protein for 15 min at 37°C. Proteinase treatment was performed with 1 mg of proteinase K (Sigma) per 50 mg of protein for 15 min at 30°C. In the mixing experiments, phenylmethylsulfonyl fluoride was added to the reaction mixtures before heat treatment for 10 min at 95°C to stop protease digestion. RNA probes were transcribed in vitro from the vector PcEl-pGEM with SP6 polymerase and [at-32P]UTP as recommended by the supplier (Boehringer Mannheim). The probe (5 x 104 cpm) was heat denatured and mixed with the proteins. Poly(A) (0.5 p.g) and tRNA (50 ng) were used as nonspecific competitors. The reaction mixture was allowed to equilibrate at room temperature for 20 min and loaded on a native 4% polyacrylamide gel with 0.25 x Tris-borate-EDTA as running buffer.
Total RNA preparation. Total RNA from cultured cells and organs was prepared (6) . Cells from one culture dish (15-cm diameter) were washed with ice-cold phosphate-buffered saline and collected in 0.4 ml of lysis buffer containing 4 M guanidinium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% sarcosyl, and 0.1 M 3-mercaptoethanol. A 40-,ul portion of 2 M sodium acetate (pH 4.0) was added, and the solution was extracted with phenol and a mixture of chloroform and isoamyl alcohol (49:1). RNA was precipitated twice with isopropanol and dissolved in water. To purify RNA from rat mammary glands, the tissue was frozen in liquid nitrogen and homogenized in lysis buffer without sarcosyl. After centrifugation at 12,000 x g for 10 min, sarcosyl was added, the solution was extracted, and RNA was precipitated as described above.
Plasmid preparation. The 49-bp oligonucleotides 3'-AGC TTATCATCCTTTCAGCTTCACCTCCTCTCTTGTCCTC CACTAAAGA-5' and 5'-AGCTT7CTTlTAGTGGAGGACA AGAGAGGAGGTGAAGCTGAAAGGATGATA-3', corresponding to a sequence found at positions +1 to +43 in exon 1 of the mouse ,B-casein mRNA (36) , were synthesized. The oligonucleotides were annealed and cloned into the Hindlll sites of the pGEM-3Z (Pharmacia) and pCH110 (Promega) vectors to yield the plasmids p3cEl-GEM and p3cEl-,gal.
The orientations of the inserts were determined by DNA sequencing (2) .
Transfections and determination of ,I-galactosidase and luciferase activities. HC1 1 cells were cotransfected with 10 p.g of pCH110 or p3cEl-3gal together with 5 p.g of PALU vector (Gesellschaft fur Biotechnologische Forschung) by the calcium phosphate precipitation technique (10) . The PALU vector served as a standard for transfection efficiency. At 36 h after transfection cellular extracts were prepared by three cycles of freeze-thawing in a solution of 0.25 M Tris-HCl (pH 7.8). ,-Galactosidase (25) and luciferase activities in the extracts were determined. Luciferase activities were measured in an Autolumat LB953 (Berthold) (8) .
RESULTS
A lactogenic hormone-induced activity inhibits STR-DNA binding. A single-stranded DNA-binding transcriptional regulator (STR) in nuclear extracts from noninduced mammary epithelial cells has been identified. This regulator acts as a repressor of transcription, consists of two polypeptides, and recognizes the upper strand of the ,-casein gene promoter between positions -163 and -194 (1) . Nuclear extracts from mammary glands of lactating mice and from lactogenic-hormone-induced HC11 cells contain an activity which causes the loss of the DNA binding activity of STR. Mixing experiments using nuclear extracts from induced cells and those from VOL. 14, 1994 noninduced cells revealed that the activity which causes the loss of STR binding acts in trans. STR activity levels were determined in bandshift assays (Fig. 1 ). High-level STR activity was observed in the nuclear extracts from noninduced HC11 cells (lanes 1 and 4), and low-level STR binding activity was observed in extracts from induced cells (lane 5). When the nuclear extracts were mixed, the STR activity present in noninduced HC II cells was strongly decreased (lane 6), i.e., the extracts from lactogenic-hormone-induced HC11 cells caused the loss of STR binding in the extracts from the noninduced cells. A trans-acting inhibitory activity (I-STR) prevents STR from binding to DNA. This activity is induced by the lactogenic hormones in mammary epithelial cells. The faster-migrating complexes in lanes 5 and 6 were not consistently observed, and their significance is not known.
The STR DNA binding-inhibitory activity (I-STR) is composed of RNA. To define the nature of I-STR, nuclear extracts from lactogenic-hormone-induced HC11 cells were heat treated (95°C for 10 min) and protease digested. Proteinase K digestion (data not shown) and heat treatment did not interfere with the STR DNA binding-inhibitory activity (Fig. 1, lane  8 ). Thermostability and insensitivity to proteinase K treatment are consistent with the possibility that I-STR is composed of nucleic acids rather than protein. To test this possibility, nuclear extracts of HC11 cells were treated with RNase A. RNase A did not affect the STR activity of noninduced cells (Fig. 1, lane 2) , but it restored the endogenous STR activity in the nuclear extracts of hormone-induced cells (Fig. 1, lane 7) . The restoration of STR binding is due to the loss of I-STR activity. Nuclear extracts of induced HCl I cells were not able to repress the STR activity of noninduced cells after RNase A treatment (Fig. 1, lane 9) . The STR activity observed in the noninduced HC1 I cells was completely inhibited by proteinase K treatment (Fig. 1, lane 3) , which shows that STR is composed of protein. We conclude that I-STR is composed of RNA and inhibits STR binding activity in the nuclear fraction of mammary epithelial cells. I-STR can only be found in lactogenic-hormone-induced cells.
I-STR is found in the cytoplasmic fraction of lactogenichormone-treated HC11 cells. Subcellular fractionations were carried out to determine the cellular localization of the I-STR molecules. Cytoplasmic and nuclear fractions were prepared, and STR and I-STR activities were determined in bandshift assays. No STR activity was found in the cytoplasmic fraction of lactogenic-hormone-induced HC11 cells (Fig. 2, lane 1) . The lack of STR binding is due to the presence of I-STR. The 4) and lactogenic-hormone-induced HC11 cells (lanes 3 and 5) were tested before (lanes 2 and 3) and after (lanes 4 and 5) RNase A treatment. The total protein yields in the subcellular fractions from uninduced cells (nuclear fraction, 0.12 mg; cytoplasmic fraction, 1.86 mg), and from hormone-withdrawn HC11 cells (nuclear fraction, 0.084 mg; cytoplasmic fraction, 0.65 mg) were determined. Lactogenic hormone treatment, subcellular fractionation, and bandshift assays were performed as described in Materials and Methods. cytoplasmic fraction of induced cells completely inhibited the STR activity presenft in nuclear extracts from noninduced HC1 1 cells (Fig. 2, lane 7) when both extracts were mixed (Fig.  2, lane 2) . The trans-acting I-STR activity is heat resistant (Fig.  2, lane 5) but RNase A sensitive (lanes 4 and 6). Treatment with RNase A restored the endogenous STR activity in the cytoplasmic fraction of hormone-treated HC11 cells (Fig. 2,  lane 3) . These data show that I-STR is also found in the cytoplasmic fraction of lactogenic-hormone-induced HC11 cells.
The cellular distribution of STR is regulated by RNA in a lactogenic-hormone-dependent manner. STR is not only a nuclear factor. The restoration of endogenous STR activity in the cytoplasmic extracts from induced HC11 cells upon RNase treatment indicates that STR is present in the cytoplasmic compartment but is masked by an RNase-sensitive molecule. To investigate if the subcellular distribution of STR is regulated by lactogenic hormones, we compared the DNA binding activities of STR in the nuclear and cytoplasmic fractions of noninduced and lactogenic-hormone-induced HC1 1 mammary epithelial cells. Nuclear and cytoplasmic fractions were prepared from equal numbers of cells. The proportion of the amounts of protein recovered in the nuclear and cytoplasmic fractions was about 1:10. A 1-,ug portion of nuclear extract and a 10-jig portion of cytoplasmic extract were used in the bandshift assays in order to allow comparison of the STR activities in the different cellular fractions.
Noninduced HC11 cells have high levels of nuclear STR binding activity (Fig. 3A, lane 1) but low levels of cytoplasmic STR binding activity (Fig. 3A, lane 2) . Very-low-level or no DNA binding activity of STR can be observed in the nuclear and cytoplasmic extracts of lactogenic-hormone-induced HC1 1 cells (Fig. 3A, lanes 3 and 4) . This is consistent with the data shown in Fig. 1 and 2 . Hormone withdrawal restored STR activity in the nuclei (Fig. 3A, lane 5) but not in the cytosol of HC11 cells (lane 6). The restoration of STR activity in the nucleus upon hormone removal suggests that the inhibitory activity of I-STR is dependent on the continuous presence of lactogenic hormone. The difference in the stability of I-STR in the nuclear and cytoplasmic fractions could be responsible for this dependence.
It is possible that the low level of STR activity in the cytoplasmic fraction of noninduced cells is due to the masking of STR by I-STR, as observed in hormone-induced HC11 cells (Fig. 2) . To test this possibility, we treated extracts with RNase A before introducing them into bandshift assays. RNase A treatment increased cytoplasmic STR activity in the lactogenichormone-induced HC11 cells (Fig. 3B, lane 5 but only modestly affected STR activity in the same fraction of noninduced HC11 cells (Fig. 3B, lane 4 versus lane 2) . These data indicate that STR is predominantly found in the nuclear fraction of cells in the noninduced state. Lactogenic hormone treatment of HC11 cells induces I-STR. This prevents STR from binding to DNA in the nucleus and sequesters it into the cytoplasm, where it is present as an RNA-protein complex. STR binds to RNA from lactating mammary glands and lactogenic-hormone-induced HCll cells. The specificity of the binding of STR to RNA was tested. Bandshift experiments were carried out with a radioactively labeled DNA probe comprising the upper strand of the 1-casein promoter region from position -163 to -194. Nuclear extracts from uninduced HC11 cells were used as a source of STR. Different unlabeled RNA preparations were included in the bandshift reaction as competitors ( Fig. 4) . Competition for binding of STR to DNA was observed only with RNA prepared from the mammary glands of lactating mice (Fig. 4, lane 2) and RNA from lactogenic-hormone-treated HC11 cells (Fig. 4, lane 5) . tRNA (lane 4), RNA from NIH 3T3 cells (lane 3), and RNA from noninduced HC11 cells (lane 6) did not compete for binding of STR to DNA. This experiment shows that STR specifically recognizes an RNA molecule which is found in the mammary epithelial cells during lactation or in HC11 cells after lactogenic hormone induction. STR specifically recognizes the 5' UTR of j8-casein mRNA. The occurrence of I-STR in mammary epithelial cells and the dependence on lactogenic hormone induction suggested that I-STR might be a milk protein gene transcript. This suspicion was enhanced when we noticed that a sequence similar to the STR binding site, located between positions -163 and -194 of the R-casein gene promoter, is also found in exon 1 of the 1-casein mRNA. Another hormonally inducible transcript, the vitellogenin mRNA, also contains a related sequence ( Table  1) .
The specificity of the binding of STR to the exon 1 sequences was tested in bandshift assays. Unlabeled singlestranded DNA oligonucleotides were used in competition experiments (Fig. 5A) . The binding of STR to the rat 1-casein probe consisting of the fragment from position -163 to -194 can compete with a 100-fold molar excess of the same sequence (Fig. 5A, lane 2) . Only the oligonucleotides corresponding to the upper strands of 3-casein exon 1 (lane 3) and vitellogenin exon 1 (lane 5), but not the lower strand of 1-casein exon 1 (lane 4), compete for binding. This indicates that STR specifically binds to the coding strand, i.e., the mRNA-like strand of exon 1. The sequences of the oligonucleotides used for the competition experiment are shown in Table 2 .
To test the binding of STR to the 5' UTR of the mouse 3-casein mRNA, we cloned the exon 1 sequence into the pGEM-3Z vector. The RNA was in vitro transcribed, and the transcript was used as competitor RNA in the DNA bandshift assays. The 5' UTR of the mouse 1-casein RNA very efficiently competes for binding to STR even at very low concentrations (Fig. SB) . This result shows that 1-casein mRNA might function as I-STR. The interaction of STR proteins with the 5' UTR of the 3-casein mRNA was directly detected in bandshift assays in which the in vitro-transcribed RNA served as a radioactive probe (Fig. 6 ). Two bands were detected when nuclear extract from noninduced HC11 cells was introduced into the binding reaction (lanes 1 and 2). We determined if these bands contained STR components. p35 and p54 proteins of STR were purified by DEAE-Sepharose chromatography and single-stranded DNA affinity chromatography. The proteins were eluted with 0.6 M NaCl from the affinity column and separated on an SDS-10% polyacrylamide gel. The bands were individually excised from the gel, renatured, and tested in the RNA bandshift assays. The renatured p35 (lane 3) and p54 (lane 4) proteins showed mobilities similar to those of the bands observed with the unfractionated HC11 nuclear extract (lane 2). This indicated that the STR binding activity observed in the crude nuclear extract was composed of p35 and p54 proteins. These proteins also specifically recognize the upper strand of the distal regulatory region of the ,3-casein promoter (1) .
The STR binding sequence in the 5' UTR of the 0-casein gene causes a more efficient utilization of mRNA. Posttranscriptional events play an important role in the regulation of the 3-casein gene activity by lactogenic hormones (22) . Differ-TABLE 1. STR binding sites found in exon 1 of the ,-casein and chicken vitellogenin genes Table 2 . RNA was prepared as described in Materials and Methods. ent mechanisms which regulate mRNA stability and utilization have been described (24) . 5' UTR sequences have been implicated, e.g., in the estrogen-dependent increase of vitellogenin mRNA stability (17, 20) . An STR binding site is also present in the 5' UTR of the chicken vitellogenin RNA (5) ( Table 2 ). This suggests that the interaction of STR with the 5' UTR of mRNA could be involved in the posttranscriptional regulation of gene expression. We cloned 43 nucleotides corresponding to the STR binding site in the ,B-casein exon 1 sequence into a lacZ reporter gene. The sequence was inserted between the transcription initiation site and the ATG codon in the pCH110 vector. Both sense and antisense orientations were made. The constructs were transfected into HC11 cells, and ,B-galactosidase activities were determined 36 h after transfection. The presence of the 13-casein 5' UTR sequences in the transfected construct caused increased 3-galactosidase activity. As shown in Fig. 7 , an average increase of 4.5-fold was observed when the STR binding site was present in the sense orientation, and a 1.8-fold increase was observed when it was present in the antisense orientation. The difference between the 3-galactosidase activity of the construct containing the binding site in the sense orientation and that of the construct containing the binding site in the antisense orientation is statistically significant (Student t test; P < 0.01). A similar increase was also observed with the chicken vitellogenin 5' UTR sequence (data not shown). The increase in the ,B-galactosidase activity is not due to differences in transfection efficiency. Luciferase activity was measured and used to correct for the transfection efficiency ( Fig. 7) .
These results indicate that the 5' UTR of ,B-casein mRNA influences gene expression when it is present in the transcribed region of a heterologous gene. The mechanism by which this increase occurs is not known, but it is likely that STR has a positive role in the posttranscriptional regulation of ,B-casein gene expression and enhances mRNA utilization.
DISCUSSION
We have previously shown that the sequences of the ,B-casein gene promoter located between positions -170 and -221 have both negative and positive regulatory properties. A single-stranded DNA-binding factor, STR, composed of 35and 54-kDa proteins, binds to the upper strand of the distal regulatory region between positions -163 and -194 in a sequence-specific manner. This sequence overlaps with an activating element, and transcription is repressed through STR binding in noninduced HC11 cells and, during pregnancy, in mammary gland cells. In lactogenic-hormone-induced HC11 cells and, during the lactation period, in mammary glands, a strong inhibition of STR activity was observed. The inhibitory activity is specific for mammary epithelial cells. A lactogenichormone-induced, trans-acting factor is responsible for the inhibition of the binding of STR to its cognate sequence (1). The trans-acting, inhibitory factor (I-STR) is heat and proteinase resistant, RNase sensitive, and most likely composed of RNA. The DNA binding activity of STR is regulated by an RNA molecule. Many DNA binding proteins have been shown to also have RNA binding activity (11, 29, 30, 33) . RNA can regulate gene expression either directly (16, 32, 37) or via interaction with transcription factors. RNA interaction can change the DNA binding and/or cellular localization of transcription factors. It has been reported that binding of RNA to steroid receptor complexes promotes their release from DNA and that this interaction might play a role in the transport and processing of RNAs as well as in the recycling of receptors from nuclei to cytoplasm (7, 12, 14, 18, 23) . More directly, it has been shown that gene expression of the 5S ribosomal RNA is regulated by RNA in Xenopus oocytes (21, 30, 34) . For accurate transcriptional initiation by RNA polymerase III, the binding of a transcription factor, TFIIIA, to the 5S RNA gene is required. TFIIIA accumulates early in Xenopus oogenesis and then declines in abundance later in oogenesis and embryogenesis. TFIIIA can also specifically interact with 5S RNA and be sequestered into cytosol. This leads to reduced rates of 5S RNA gene transcription late in oogenesis (34) .
We suggest that STR might have a comparable role in the regulation of 1-casein gene expression and propose a sequence of events. Upon the initial hormone induction, 3-casein mRNA is transcribed. The 5' UTR of the 3-casein RNA contains a specific binding site for STR. With the transport of the mRNA, STR is removed from the nucleus to the cytosol and remains present in an RNA-bound form there. This results in a decrease in STR activity in the nucleus and a loss of its Values are averages of those from four independent transfection experiments. The average absolute luciferase activities obtained with extracts from HC11 cells transfected with pCH110, p,3cEl-,Bgal (sense), and pI3cE1-pgal (antisense) were 5 x 105, 5.5 x 105, and 6.4
x 105 light units per mg of protein, respectively. The difference in 3-galactosidase activities between sense and antisense constructs is statistically significant (Student t test; P < 0.01).
negative influence on transcription. The STR competes with an activating factor for a binding sequence in the 1-casein promoter (1) . Its removal from the nucleus by ,-casein RNA might cause a further increase in the transcription of the gene by facilitating the access of the activating protein to its binding sequence. This positive-feedback mechanism could be part of the lactogenic-hormone-induction mechanism and could contribute to the very high rate of 3-casein mRNA synthesis in mammary epithelial cells. We have shown that dephosphorylation decreases the DNA binding activity of STR (1). Our preliminary data indicate that RNA binding activity is not affected by dephosphorylation (not shown). Lactogenic hormones might influence the binding of STR to DNA or RNA targets via protein phosphorylation. Phosphorylation-dependent regulation of nucleic acid binding activity has been reported for a new class of DNA-and RNA-binding proteins, the Y box factors, which have roles in the regulation of transcription, mRNA sequestration, and translation (30, 35) .
The binding of STR to the 5' UTR of mRNA and its transport into the cytoplasm have additional consequences. Posttranscriptional mRNA utilization is increased. The introduction of the 5' UTR STR binding sequence into the 3-galactosidase mRNA leads to an increase in enzymatic activity in transfected cells. The mechanism by which this increase occurs is not yet known. The processing, stability, or translational regulation of mRNA could be affected. A role for the 5' UTR in the posttranscriptional regulation of the 1-casein mRNA has previously been proposed (3) . The increase in the 3-galac-MOL. CELL. BIOL. REGULATORY DNA-AND RNA-BINDING PROTEINS 6011 tosidase activity was also observed when the 5' UTR STR binding sequences of the chicken vitellogenin gene were inserted. The occurrence of these sequences in the estrogeninduced vitellogenin mRNA might indicate that an STR-based feedback enhancement of hormonal induction might not be limited to genes in mammary epithelial cells.
The effects of steroid hormones on gene expression are not restricted to transcriptional events. There is evidence that gene expression is regulated at least in part at the level of mRNA stability. Estrogen increases the transcription of the vitellogenin gene in Xenopus laevis liver cells 1,000-fold, but it also exerts a profound effect on the stability of vitellogenin mRNA (4). Similar observations have been made with the egg white mRNAs in the chicken oviduct (15) . Posttranscriptional stabilization of casein mRNAs by lactogenic hormones has been implicated in an important role in the regulation of milk protein gene expression (22) . The 5' UTR has been shown to be involved in the estrogen-induced stability of mRNA in the vitellogenin system (17, 20) . In rooster liver cells a singlestranded DNA-and RNA-binding protein, p54, specifically recognizing the STR binding site in the 5' UTR of vitellogenin RNA, is translocated to the polysomal fraction by the 5' UTR upon estrogen treatment (9) . It is conceivable that the interaction of STR with the 5' UTR of B-casein RNA may increase the stability of mRNA by protecting it from 5' exonucleases (24) . This could also be true for the ,-galactosidase mRNA in the transfected cells.
The 5' UTR of the 3-casein mRNA has a dual function. It specifically interacts with STR and thereby influences the transcriptional control of its promoter region, and it exerts a posttranscriptional regulation and enhances mRNA utilization.
